2 , with the striking property that conduction of electrons occurs only on the surface 2-4 . In two dimensions, surface electrons in topological insulators do not scatter despite defects and disorder, providing robustness akin to superconductors. Topological insulators are predicted to have wideranging applications in fault-tolerant quantum computing and spintronics. Recently, large theoretical efforts were directed towards achieving topological insulation for electromagnetic waves [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . One-dimensional systems with topological edge states have been demonstrated, but these states are zero-dimensional, and therefore exhibit no transport properties 12, 13, 15 . Topological protection of microwaves has been observed using a mechanism similar to the quantum Hall effect 16 , by placing a gyromagnetic photonic crystal in an external magnetic field 6 . However, since magnetic effects are very weak at optical frequencies, realizing photonic topological insulators with scatterfree edge states requires a fundamentally different mechanism -one that is free of magnetic fields. Recently, a number of proposals for photonic topological transport have been put forward [7] [8] [9] [10] [11] . Specifically, one suggested temporally modulating a photonic crystal, thus breaking time-reversal symmetry and inducing one-way edge states
, where temporal variations in solidstate systems induce topological edge states. Here, we propose and experimentally demonstrate the first external field-free photonic topological insulator with scatter-free edge transport: a photonic lattice exhibiting topologically protected transport of visible light on the lattice edges. Our system is composed of an array of evanescently coupled helical waveguides 22 arranged in a graphene-like honeycomb lattice [23] [24] [25] [26] [27] . Paraxial diffraction of light is described by a Schrödinger equation where the propagation coordinate acts as 'time'
28
. Thus the waveguides' helicity breaks zreversal symmetry in the sense akin to Floquet Topological Insulators. This structure results in scatter-free, oneway edge states that are topologically protected from scattering.
Paraxial propagation of light in photonic lattices is described by the Schrödinger-type equation: (1) where ψ(x,y,z) is the electric field envelope function defined by E(x,y,z)=ψ(x,y,z)exp(ik 0 z-iωt)x; E is the electric field and x is a unit vector; k 0 = 2πn 0 /λ is the wavenumber in the ambient medium; ω=2πc/λ is the optical frequency. Our ambient medium is fused silica with refractive index n 0 =1.45; and ∆n(x,y,z) is the "effective potential": the deviation from the ambient refractive index. The array is fabricated using the femtosecond laser writing method; each elliptical waveguide has diameters 11µm and 3µm. and each array is of length z=10cm. The photonic lattice is an array of evanescently-coupled waveguides arranged in a honeycomb structure with nearest-neighbor spacing of 15µm. The total propagation length (in i∂ z ψ x, y, z
( ) the z-direction) is 10cm, which corresponds to the wavefunction ψ completing ~20 cycles in phase while propagating from z=0 to z=10cm. The increase in refractive index associated with the waveguides is ∆n=7x10 -4 . The quantum mechanical analogue of Eq. (1) describes the propagation of a quantum particle that evolves in time, for example, an electron in a solid. The waveguides act like potential wells, similarly to nuclei of atoms in solids. Thus, the propagation of light in the array of helical waveguides as it propagates in the z-direction is equivalent to the temporal evolution of an electron as it moves through a two-dimensional lattice with atoms that are rotating in time.
A microscope image of the input facet of the photonic lattice is shown in Fig. 1(a) , and a diagram of the helical waveguides arranged in a honeycomb lattice is shown in Fig. 1(b) . The helical rotation of the waveguides is sufficiently slow that a guided mode is adiabatically drawn along with the waveguide as it rotates. We therefore transform the coordinates into a reference frame where the waveguides are invariant in the z-direction, namely: x' = x + Rcos(Ωz); y' = y + Rsin(Ωz); z' = z, where R is the radius of the helix and Ω=2π/Λ is the frequency of rotation (Λ being the period). In the transformed coordinates, the light evolution is described by:
Where ψ'= ψ(x',y',z'), and A(z')=k 0 RΩ(sin(Ωz'),-cos(Ωz')) is equivalent to a vector potential associated with a spatially homogeneous electric field of circular polarization. The adiabaticity of the guided modes and the presence of the vector potential yield a coupled mode (tight-binding) equation, via the Peierls substitution 11 :
where the summation is taken over neighboring waveguides; ψ n (z') is the amplitude in the n th waveguide; c is the coupling constant between waveguides and r mn is the displacement between waveguides m and n. Since the right-hand side of Eq. (3) is z-dependent, there are no static eigenmodes. Rather, the solutions are described using Floquet modes, of the form ψ n (z')=exp(iβz')ɸ n (z'), where the function ɸ n (z') is Λ-periodic 19 . This yields the spectrum of β (the Floquet eigenvalues or 'quasi-energies'), as well as their associated Floquet eigenmodes. Floquet eigenmodes in the z-direction are equivalent to Bloch modes in the (x,y)-plane. Therefore, our input beam (initial wavefunction) excites a superposition of Floquet modes whose population does not change over the course of propagation 18, 19 . The band structure for the case of non-helical waveguides (R=0) is shown in Fig. 1 (c). The conical intersections between the first and second bands are the "Dirac points 29 ," a feature of graphene that makes it semi-metallic. When the waveguides are made helical (R>0), a band gap in the Floquet spectrum opens, as shown in Fig. 1(d) , and the photonic lattice becomes analogous to an insulatorindeed, to a Floquet topological insulator. As we show in the next section, this structure possesses topologically protected edge states.
We calculate the edge band structure by using a unit cell that is periodic in the x-direction but finite in the ydirection, ending with two "zig-zag" edges (infinite in the x-direction). The zig-zag edge is one of three typical edge terminations of the honeycomb lattice, while the other two are the "armchair edge" and the "bearded edge". Note that the presence of edge states can be derived using the Bulk-Edge correspondence principle by calculating the Chern number 5, 6, 18, 30 . In our sample (see Fig. 1a ), the top and bottom edges are zig-zag edges and the right and left edges are armchair. The band structure of the zig-zag edge is presented in Fig. 2 (a) for the case where the waveguides are not spinning (R=0). There are two sets of states, one per edge. Their dispersion curves are flat and completely coincide (i.e., they are degenerate with one another), residing between k x = 2π/3a and k x = 4π/3a, occupying one third of k x -space. The Floquet band structure when the lattice is helical with R = 8µm is shown in Fig. 2(b) . Here, the edge states are no longer degenerate, but now have opposite slopes. Specifically, the group velocity on the top edge is now directed to the right, and on the bottom edge to the left, corresponding to clockwise circulations. However, there are no edge states whatsoever circulating in the counter-clockwise direction. Hence, the edge states presented in Fig. 2(b) are the topologically protected edge states of a Floquet topological insulator. The lack of a counter-propagating edge state on a given edge directly implies that any edge-defect (or disorder) cannot backscatter, as there is no backwards-propagating state available into which to scatter, contrary to the case of R=0, where there are multiple states into which scattering is possible. This is the essence of why topological protection occurs. The transverse group velocity of these edge states has a non-trivial dependence on the helical waveguide radius, R. For small R, the group velocity of the edge states increases, but eventually it reaches a maximum and decreases again. Before the group velocity crosses zero, the Chern number is calculated to be -1 (indicating the presence of a clockwise edge state, as seen in Fig. 2(b) ). However, after the group velocity crosses zeroat which point the band gap closes -the Chern number is 2 (indicating the presence of two counterclockwise edge states, as confirmed by calculations). The R-dependence of the group velocity is shown in Fig. 2(c) , where we plot the group velocity of the topologically protected edge state at k x = π/a vs. R. The maximum calculated group velocity is at R=10.3µm.
To demonstrate these edge states experimentally, we launch beam with an elliptic profile of wavelength 633nm such that it is incident on the top row of waveguides on an array with helicity radius R=8µm. The position of the input beam is indicated by the ellipse in Fig. 1(a) . The light distribution emerging from the output facet is presented in Figs. 3(a-d), with the shape and position of the input beam indicated by a yellow ellipse. In Fig. 3(a) , the beam emerges at the upper-right corner of the lattice, having moved along the upper edge. When we move the position of the input beam horizontally to the right, the output beam moves down along the vertical right edge, as shown in Fig. 3(b) . The beam emerging from the lattice remains confined to the edge, not spreading into the bulk and without any backscattering. Moving the position of the input beam further rightward makes the output beam move farther down along the side edge, as shown in Figs. 3(c), 3(d) . Clearly, the input beam has moved along the top edge, encountered the corner, and then continued moving downward along the right edge. The central observation of these experimental results is that the corner (which is in essence a strong defect) does not allow light to scatter. Indeed, no optical intensity is evident along the top edge at the output facet, after having backscattered from the corner. Furthermore, no scattering into the bulk of the array is observed (due to the presence of a bulk band gap). These observations provide strong evidence of topological protection of the edge state.
Further evidence follows from the fact that light stays confined to the side edge of the array as it propagates downwards. This edge is in the armchair geometry, which, for straight waveguides (R=0) does not allow confinement at all (i.e., no edge states). However, when R>0, edge state dispersion calculations reveal that a confined edge state emerges for R>0. This is essential for the topological protection because it prevents transport into the bulk of the lattice.
We now experimentally examine the behavior of the topological edge states as the helix radius, R, is varied. We find that the group velocity reaches a maximum and then returns to zero as R is increased, in accordance with Fig. 2(c) . To investigate this, we fabricate a series of honeycomb lattices of helical waveguides with increasing R's, cut in a triangular shape, as displayed in Fig 4(a) . We first examine light propagation in the non-spinning (R=0) lattice (Fig. 4(a) ). Launching a beam into the waveguide at the upper-left corner of the triangle (circled) excites two types of spatial eigenstates: (1) bulk states extending to the corner, and (2) edge states that meet at the corner. As the light propagates in the array, the excited bulk states lead to some degree of spreading into the bulk (the excitation of these bulk modes can be eliminated by engineering the beam to only overlap with eigenstates confined to the edge). In contrast, the edge states do not spread into the bulk, and, since the edge states are all degenerate (see Fig. 2(a) ), they do not cause spreading along the edges either (i.e., zero group velocity). Figure 4(b) shows the intensity at the output facet highlighting this effect: while some light has diffracted into the bulk, the majority remains at the corner waveguide.
When the waveguides spin in a clockwise direction, the edge states are no longer degenerate. In fact, the lattice now has a set of edge states that propagate only clockwise on the circumference of the triangle. Light at the corner no longer remains there, and moves along the edge. Figures 4(b-j) show the output facet of the lattice for increasing radius R.
For R=8µm, the wave packet wraps around the corner of the triangle and moves along the opposite edge [ Fig. 4(f) ]. Importantly, the light is not backscattered even when it hits the acute corner, due to the lack of a counter-propagating edge state. This is a key example of topological protection against scattering. For R=12µm, the wavepacket moves along the edge, but with a slower group velocity. This is consistent with the prediction that the group velocity of the edge state reaches a maximum at R=10.3µm and thereafter decreases with increasing radius. The experiments suggest that the maximal group velocity is achieved between 6µm and 10µm, while the theoretical result (10.3µm) is well within experimental error, given that this is a prediction from coupled-mode theory. Exact simulations confirm the experimental result. By R = 16µm, bending losses are large, leading to leakage of optical power into scattering modes (accounting for the large background signal). The bending losses for R=4µm, 8µm, 12µm, and 16µm were found to be, respectively, 0.03dB/cm, 0.5dB/cm, 1.7dB/cm, and 3dB/cm. Recall that each lattice has propagation length z=10cm. The large background signal prevents us from experimenting with larger R, where we would expect two counterclockwisepropagating edge states, as discussed earlier. As shown in Fig. 4(j) , the group velocity of the wavepacket approaches zero and therefore the optical power remains at the corner waveguide. These observations clearly demonstrate the presence of one-way edge states on the boundary of the photonic lattice that behave according to theory. Note that for different initial beams -the elliptical beam of Fig. 3 , and the single-waveguide excitation of Fig. 4 , the topological edge state behaves exactly as the model predicts, providing experimental proof of the existence of the topological edge state.
Photonic FTIs potentially lead to an entirely new platform upon which topological protection can be understood and probed. For example, our photonic lattices have the same geometry as photonic crystal fibers, and thus these systems are likely to exhibit robust topologically protected states. Many interesting open questions are prompted: what will be the behavior of entangled photons in a topologically protected system? Upon the introduction of nonlinearity, what will be the effect of interactions on the non-scattering behavior? Can photonic Majorana fermions be realized, for applications in robust quantum computing? The realization of a photonic FTI in our relatively simple classical system will enable these questions, as well as many others, to be addressed. The beam propagates along the top edge of the array (which is in the zig-zag configuration), hits the corner, and clearly moves down the vertical edge (which is in the armchair configuration). Note that the wavepacket shows no evidence of backscattering or bulk scattering due to its impact with the corner of the lattice. This scattering of the edge state is prevented by topological protection. Light emerging from the output facet of the photonic lattice (after 10cm of propagation) for increasing helical radius, R, at wavelength 633nm. The light is initially launched into the waveguide at the upper-left corner, surrounded by a yellow circle. At R=0, the initial beam excites a confined defect mode at the corner. As the radius is increased, light is moving along the edge by virtue of a topological edge mode. It reaches its maximum displacement near R = 8µm. The light wraps around the corner of the triangle and is not backscattered at all: this is a clear example of topological protection against scattering. The light slows down and finally stops near R = 16µm. The large degree of background noise in (i) and (j) is due to high bending losses of the waveguides as a result of coupling to free-space scattering modes.
